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Spin-entangled urrents reated by a triple quantum dot
Daniel S. Saraga and Daniel Loss
Department of Physis and Astronomy, University of Basel,
Klingelbergstrasse 82, CH-4056 Basel, Switzerland
We propose a simple setup of three oupled quantum dots in the Coulomb blokade regime as
a soure for spatially separated urrents of spin-entangled eletrons. The entanglement originates
from the singlet ground state of a quantum dot with an even number of eletrons. To preserve
the entanglement of the eletron pair during its extration to the drain leads, the eletrons are
transported through seondary dots. This prevents one-eletron transport by energy mismath,
while joint transport is resonantly enhaned by onservation of the total two-eletron energy.
PACS numbers : 73.63.-b, 85.35.Be, 3.65.Ud
The reation of entangled partiles is a ruial prob-
lem as entanglement is a prerequisite for quantum om-
putation and ommuniation [1℄. While manipulations of
entangled photons demonstrating various quantum infor-
mation proessing shemes have been very suessful [2℄,
similar ahievements are still missing for massive parti-
les suh as eletrons. Hene there has been a number
of theoretial proposals for a solid-state entangler - a de-
vie reating two entangled partiles and allowing their
separation and extration into two distint hannels for
further proessing.
Reent proposals involved the extration of entangled
Cooper pairs of a superondutor in ontat with quan-
tum dots [3℄, normal or ferromagneti ondutors [4, 5℄,
and arbon nanotubes [6, 7℄. In another sheme, the en-
tanglement arises from interferene eets in a quantum
dot in the otunneling regime and requires speial non-
degenerate leads of narrow energy width [8℄. A generi
entangler based on interferometry and whih-way dete-
tion was proposed in Ref. [9℄. In this artile, we propose
an entangler based on a triple quantum dot setup. The
entanglement originates from the singlet state of a pair of
eletrons in one quantum dot, while its transport relies
on energy ltering by seondary dots. Our proposal is
based on existing tehnology [10℄ and on realisti param-
eter values as typially found in transport experiments
with quantum dots.
Setup. Fig. 1 desribes the proposed entangler. It is
omposed of three oupled lateral quantum dots (DC , DL
and DR) in the Coulomb blokade regime, eah of them
oupled to a Fermi liquid lead lC , lL and lR. When two
exess eletrons are present in DC , we an assume [11℄
that their ground state is the spin-singlet state, whih is
the (anti)symmetri superposition of their (spin) wave-
funtions. The aim of the entangler is to extrat the
singlet from DC , by transporting one eletron into the
neighboring dot DL and the other one into DR, and -
nally transport them into the drain leads lL and lR with-
out loss of entanglement. This reates two urrents of
pairwise spin-entangled eletrons that are spatially sep-
arated.
Applying two bias voltages µC − µL and µC − µR al-
lows the transport of eletrons from the soure lead lC
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Figure 1: (a) Setup of the triple quantum dot entangler. Three
leads li (i = C,L,R) at hemial potential µi are oupled to three
quantum dots Di in the Coulomb blokade regime. Eah dot on-
tains an even number of eletrons, and an only aept 0, 1 (DL
and DR) and 2 (DC) exess eletrons. A spin-singlet is formed
in DC when two eletrons tunnel inoherently, eah with a rate
α, from the soure lead lC into DC . Eah of the eletrons an
subsequently tunnel oherently to DL and DR with tunneling am-
plitudes TL and TR. Finally, the eletrons tunnel out (with rates
γL and γR) to the drain leads lL and lR, reating two urrents of
entangled eletrons. (b) Energy level diagram, for eah eletron.
Non-entangled urrents, whih arise from one-eletron transport,
are suppressed by the energy dierenes ǫL,R − ǫC ± U . The joint
transport of both eletrons is favored by onservation of the total
two-eletron energy: ǫL + ǫR ≃ 2ǫC (resonane ondition).
to both drain leads lL and lR, via the three quantum
dots Di, i = C,L,R. To preserve the entanglement of
the eletrons until they are in the drain leads, one must
avoid the individual transport of one eletron, as this
would allow the arrival of a new eletron in DC whih
ould destroy the existing entanglement by forming a
new singlet with the remaining eletron. To suppress
one-eletron transport, we arrange the dots so that there
is a large dierene between the energy levels of DL and
DC ompensated by the energy dierene between DR
and DC . This way the joint transport of both eletrons
to eah neighboring dot onserves energy and is therefore
enhaned by resonane, while the o-resonant transport
of one eletron is suppressed by the energy dierene.
The number of eletrons partiipating in the transport
is ontrolled via Coulomb blokade [12℄, where N exess
eletrons in dot Di reate a large eletrostati Coulomb
harging energy Ui(N). The energy of the N
th
eletron
is then Ei(N) = Ui(N)−Ui(N − 1)+ǫi(N), where ǫi(N)
is the lowest single-partile energy available for the N th
eletron. We onsider the eletrons to be independent
and neglet further eets suh as interdot harging en-
2ergy or exhange Coulomb interation. Assuming a shell
lling of eah dot [12℄, we disregard all but the exess ele-
trons in eah dot. The ground state in DC with 2 exess
eletrons is the spin singlet ↑↓ − ↓↑, where both ele-
trons have the same orbital energy ǫC = ǫC(1) = ǫC(2).
One exess eletron in DL or DR annot form a singlet
with one of the eletrons already present as these are
already all paired up in singlets. We assume the gate
voltages of eah dot so that Uj(0) = Uj(1), j = L,R and
UC(0) = UC(2) = 0, whih gives a negative harging en-
ergy for one eletron: UC(1) = −U . We dene the zero
energy as the total energy of the three empty dots.
The energy levels in the dots and the hemial poten-
tials µi in the leads are assumed to be tuned suh that
only zero or one exess eletron in Dj, j = L,R, and
zero, one, or two eletrons in DC are allowed. It is ru-
ial that only the ground states of the eletroni levels
in the dots partiipate in the transport. In partiular,
the triplet states in DC should not be aessible to in-
oming eletrons. To avoid resonane with exited lev-
els, the energy level spaings in the dots must be larger
than the Coulomb harging energies: ∆ǫi > Ui. Exited
states with energy E∗i ould partiipate in the transport
through otunneling events [12℄, where one desribes the
transport of one eletron from lC to lj via intermediate
virtual states in the dots by seond-order proesses. We
shall neglet suh events, as they are suppressed by fa-
tors of the order of α/(E∗i − µi) ≃ α/(Ui − µi)≪ 1.
We need low temperatures T so that thermal u-
tuations annot allow three eletrons in DC or popu-
late exited levels, whih ould also reate a urrent in
the reverse diretion (lj → Dj , DC → lC). Taking
kBT ≪ |µi−Ei(0, 1, 2, 3)|, we an neglet temperature ef-
fets and set T = 0 for simpliity. The inoherent tunnel-
ing rates are given by α = 2π|tC |2νC and γj = 2π|tj |2νj ,
where ti is the tunneling matrix element onneting li
and Di, and νi is the density of states of the lead.
The quantum states of the entangler are given by
ombining the dierent numbers of eletrons allowed in
eah dot. 0 desribes the situation where all the dots
are empty; L, R or C orresponds to one eletron in
DL, DR or DC , while CC denotes the singlet state
reated by two eletrons in DC . Thus, the 8 states,
shown in Fig. 2 with their transitions, for the basis set
B = {0, C, CC,LC,CR,LR,L,R}. This desription in
terms of the individual levels of eah isolated dot requires
that the tunneling matrix elements TL and TR (onsid-
ered to be real) onneting the dots are small and do not
mix the levels in dierent dots, i.e. TL, TR ≪ ∆ǫi.
The oherent evolution is desribed by a Hamiltonian
matrix Hk,k′ , k, k
′ ∈ B. The diagonal elements ontain
the energies E0 = 0, EC = ǫC − U,ECC = 2ǫC , ELC =
ǫL + ǫC − U,ECR = ǫR + ǫC − U,ELR = ǫL + ǫR, EL =
ǫL, ER = ǫR, while the o-diagonal elements desribe
the oherent osillations of one eletron between DC and
DL or DR: HC,L = HCR,LR = TL, HC,R = HLC,LR =
γ
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Figure 2: The entangler states {0, C,CC, LC,CR, LR, L,R} and
their transitions. Double arrows indiate oherent tunneling (os-
illations) of one eletron between two dots with overlap matrix
element TL and TR (in the shaded area). Single arrows indiate
inoherent tunneling from (α) or to (γL and γR) the leads. The
dashed lines indiate the three types of transitions that must be
avoided to ensure the joint transport of the singlet pair CC to the
leads (see text; for larity we do not show the transitions obtained
by replaing L by R.)
TR, HCC,LC = TL
√
2 and HCC,CR = TR
√
2. The
√
2
fator omes from the idential orbital states in CC.
We desribe the inoherent transport as sequential
tunneling (lowest order in α, γL, γR) in terms of the
master equation for the (redued) density matrix ρ
of the entangler. The diagonal elements, ρk, k ∈
B, are the oupation probabilities of the state k,
with normalization
∑
k ρk = 1. The o-diagonal ele-
ments ρk,k′ ontain the oherent superposition of k and
k′. We write the master equation [13℄ as dρ/dt =
−i[H, ρ] −M , where M desribes the inoherent trans-
port from/to a lead onneting a state k to another
state k′ with a rate W (k′, k) ∈ {α, γL, γR}. For the
diagonal elements, this results in the population equa-
tion: Mk = −ρk
∑
k′ W (k
′, k) +
∑
k′ W (k, k
′)ρk′ , while
the o-diagonal elements are damped by the inoherent
transitions out of eah of the two orresponding states:
Mk,k′ = − 12ρk,k′
∑
k′′ 6=k,k′ W (k
′′, k) +W (k′′, k′). Out of
the 64 elements of ρ, only 24 are oupled to the rele-
vant diagonal elements. Arranging them in a real ve-
tor
−→
V , one an rewrite the master equation as a homo-
geneous rst-order dierential equation given by a ma-
trix A: d−→V /dt = A−→V . Its stationary solution is the
eigenvetor orresponding to the zero eigenvalue of A.
It an be found symbolially by a mathematial soft-
ware (MAPLE), and denes the stationary populations
Pk = ρ
0
k of the dierent states k of the entangler.
Results. Our aim is to show that the transport of the
singlet state through the entangler is robust and domi-
nates over the transport of unorrelated eletrons. We
dene the stationary entangled urrent (see the entral
sequene in Fig. 2) as IE = eγL(PLR+PL)+ eγR(PLR+
PR). The destrution of the entanglement of the two ele-
trons an our in three ways; see Fig. 2 (the following
disussion also refers to the ases with L replaed by R).
(1) An eletron tunnels out from DR to lR while the
seond eletron is still in DC . This reates a urrent
eγRPCR whih might ontain no entanglement, as the
remaining eletron an form a new singlet with a new
eletron oming from lC . This urrent is suppressed by
3the energy mismath ǫR− ǫC −U between the states CC
and CR. The entangled urrent IE is dominant if the
entangler quality Q = min{PLR/PCR, PLR/PLC} satis-
es Q≫ 1.
(2) An eletron tunnels from DC to DL and then out
to lL before a seond eletron has tunneled into DC
and formed a singlet. This hannel is suppressed by
the energy dierene ǫL − ǫC + U between the states
C and L. As the stationary solution ontains no in-
formation on the history of the eletrons, we ompare
urrents obtained in the two following ases. (i) We
swith o the undesired hannel by setting TL = TR = 0
between C, L and R, while keeping the tunneling be-
tween CC,CR,LC, and LR. This denes the station-
ary populations Pk. (ii) We keep the undesired han-
nel, while swithing o the tunneling involving CC and
LR. This denes the populations P˜k, and reates a
urrent eγL(P˜L + P˜LC) + eγR(P˜R + P˜CR) ontaining
no entanglement. Dening a seond entangler quality
by Q˜ = min{PL/P˜L, PLR/P˜LC , PR/P˜R, PLR/P˜CR}, the
ondition Q˜ ≫ 1 orresponds to the suppression of this
one-eletron hannel.
(3) After the joint transport of the two eletrons into
state LR and the tunneling of one eletron into lL, a new
eletron tunnels into DC before the remaining eletron in
DR has tunneled out to lR. The new eletron an then
form a new singlet with the remaining eletron, there-
fore destroying the entanglement that existed with the
eletron whih has moved to the lead lL. To suppress
this hannel, we need α≪ γL, γR. For simpliity, we set
α = 0 for transitions from L and R when alulating the
probabilities Pk (but we keep α non-zero for P˜k).
The exat analytial expressions for Pk are extremely
lenghty and annot be written in a ompat form. We
introdue δǫj = ǫj − ǫC , whih expliitly removes the
dependene on ǫC as only energy dierenes enter the
time evolution of the density matrix ρ(t). Seondly, we
onsider a symmetri setup with γ = γL = γR and
T0 = TL = TR. Then, the symmetry between LR, L,
and R yields PL = PR = PLR (see Fig. 2). Thirdly, we
onsider the ase ǫR = ǫC . The resonane ondition for
the joint transport ECC = 2ǫC ≃ ELR = ǫL + ǫR trans-
lates into δǫL ≃ 0, and the energy dierenes relevant for
the suppression of one-eletron transport are given by U
and U ± δǫL. From a qualitative analysis involving rst
and seond-order perturbation alulations (à la Fermi
Golden Rule), we nd that the onditions for a domi-
nant joint transport read α ≪ γ ≪ T0 ≪ U, |U ± δǫL|
[14℄. Hene we expand both the numerator and denom-
inator of the expressions for Pk in the lowest non-trivial
order in α, γ, T0. We distinguish two ases:
[I℄ non-resonant (|δǫL| > T0):
PL = PR = PLR ≃ 2T
4
0 (2U − δǫL)2
δǫ2LU
2(U − δǫL)2 , (1)
PCR ≃ 2T
2
0
U2
, PLC ≃ 2T
2
0
(U − δǫL)2 , (2)
P˜R ≃ T
2
0
U2
, P˜L ≃ T
2
0
(U + δǫL)2
, (3)
[II℄ resonant (δǫL = 0):
PL = PR = PLR ≃ 8αT
4
0
αγ2U2 + 4T 40 (8γ + 9α)
, (4)
PCR = PLC ≃ 2αT
2
0 (γ
2U2 + 40T 40 )
U2 [αγ2U2 + 4T 40 (8γ + 9α)]
, (5)
P˜R = P˜L ≃ αγT
2
0
αγU2 + 2T 20 (γ + α)
2
, (6)
and P˜CR = P˜Rα/γ, P˜LC = P˜Lα/γ.
These two ases are suient for an analytial disus-
sion of the entangler, as the approximate expressions (1)-
(6) reprodue aurately the exat results presented in
Fig. 3. As shown in Fig. 3(a), the entangler quali-
ties Q and Q˜ reah a maximum around δǫL = 0, whih
is due to a resonane in the oherent osillations be-
tween CC and LR. We dene now the quantities QI
and Q˜I as approximations of the qualities Q and Q˜ ob-
tained with Eqs. (1)-(3). QI and Q˜I, whih grow as
(δǫL)
−2
, give a orret estimate of the width δǫL of the
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Figure 3: Quality of the entangler and output urrent, with
the parameters α = 0.1, γ = 1, T0 = 10, U = 1000 in µeV.
(a) Quality Q and Q˜, around the resonane at δǫL = 0 where
the entangled urrent dominates. The width of the resonane
dened by Q, Q˜ > QminI = 10 is |δǫL| < δǫL = 2T0/
√
Qmin
I
≃
6µeV (shown in gray). (b) Q and Q˜ as a funtion of the
tunneling matrix element T0 at resonane (δǫL = 0). In gray,
the region where the quality of the entangler is Q, Q˜ > QminII =
100. () Average urrent in the left (IavL ) and in the right
(IavR ) leads, whih takes into aount both entangled and non-
entangled urrents. A symmetri urrent (IavL = I
av
R ) is the
signature of the resonane and therefore of the desired regime
where the entangled urrents dominate (see the inset with
a larger sale). (d) At resonane, the entangled urrent IE
saturates to ≃ α = 4pA when T0 ≫ (U
2γα/32)1/4 ≃ 5µeV.
4resonane around δǫL = 0. Introduing the ondition
QI, Q˜I > Q
min
I , we get |δǫL| < δǫL = 2T0/
√
QminI . Note
that suh proportionality of the width to the tunnel-
ing matrix element is also found in the Rabi formula
for a two-level system. Similarly, we dene QII and
Q˜II with Eqs. (4)-(6); these approximate ratios au-
rately reprodue the height of the resonane peak at
δǫL = 0. Introduing the ondition QII, Q˜II > Q
min
II ,
we nd γ
√
QminII /8 < T0 < U
√
4α/γQminII ; see Fig. 3(b).
Quantities whih are experimentally aessible are the
urrents in the left and right leads, IL = eγL(PLC +
PLR + PL), and IR = eγR(PCR + PLR + PR). Far from
resonane (δǫL > T0), one annot neglet the urrents I˜L
and I˜R oming from the single-eletron transitions de-
sribed by the probabilities P˜k. Hene we onsider in
Fig. 3() the average of the urrents in situations (i) and
(ii): IavL = (IL + I˜L)/2 and I
av
R = (IR + I˜R)/2. Away
from the two-eletron resonane the urrent is asym-
metri: IavL 6= IavR . The large peaks where IavL ≫ IavR
are due to one-eletron resonanes: between CC and
LC when δǫL = U (right peak), and between C and
L when δǫL = −U (left peak). At the δǫL = 0 res-
onane the urrent is symmetri as the eletrons are
transported together and simultaneously from the en-
tral dot to the leads [see inset in Fig. 3()℄. Hene by
varying ǫL via the gate voltage of DL until IL = IR,
one an loate the resonane, and therefore the regime
where the entangler is most eient [15℄. Finally, Eq.
(4) gives PLR → α/4γ for T 40 ≫ U2γα/32, whih yields
IE → Imax = α, as illustrated in Fig. 3(d). Note that
in order to be able to reah Imax within the window
γ
√
QminII /8 < T0 < U
√
α/4γQminII , one also needs the
ondition U > QminII γ
√
γ/2α.
Disussion. Setting the qualities of the entangler to
QminII = 100, Q
min
I = 10 and γ = 10α, we need, approxi-
mately, 35α < T0 < U/60, and U > 2200α. The rst on-
dition is easily met as α and T0 an be varied via the volt-
ages dening the barriers [16℄. For the seond ondition,
present-day experiments manipulate urrents typially
around 2 pA [16℄, yielding α > 0.1µeV⇒U > 0.3meV.
To get a nite width δǫL ≃ 6µeV, we take U ≃ 1meV,
whih is within reported values [12, 16℄. To obtain an
even better quality (QminII = 1000, γ = 100α), one needs
to inrease the ratio U/α. One possible issue is the single-
partile energy spaing∆ǫi, whih is usually smaller than
or equal to the harging energy. However, as ∆ǫi ∝ 1/L2
in a box of size L, while U ∝ 1/L, one should be able to
reah ∆ǫi ≫ U by dereasing the dot size. Alternatively,
one an use vertial quantum dots, whih have large en-
ergy level spaings [12℄, or use one arbon nanotube with
two bendings (whih denes three regions behaving like
quantum dots).
A urrent Imax ≃ 10 pA orresponds to the delivery of
an entangled pair every tp ≃ 1/α ≃ 16 ns, whih is below
reported spin deoherene time of 100 ns [17℄. The av-
erage separation between two entangled eletrons is ap-
proximately te ≃ 1/U ≃ 0.4 ps ≪ tp, with a maximal
separation of tm ≃ 1/γ ≃ 0.5 ns. This would allow noise
measurements using a beam splitter, where an enhane-
ment in the two-terminal noise is a signature of singlet
states ompared to the noise of non-orrelated eletrons
[18℄. Note that suh an experiment requires eletrons
with the same orbital energy, whih an be ahieved if
ǫL = ǫR = ǫC . One ould also arry out a measurement
of Bell's inequalities by measuring the spin of the ele-
tron in eah lead with the help of a spin lter based on
a quantum dot [19℄.
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